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~ Introduction

The problem of the formation, growth, and dissipation of a cumulus cloud
is so complex, that it has so far defied solution. The cumulus cloud is a
three-dimensional space phenomenon, and should be treated as such. -During
the last few years, several three-dimensional convectien models have been
constructed (Williams, 1969: Deardorff, 1970: Fox, 1972: Steiner, 1973:
Wilhelmson, 1974: Miller and Pearce, 1974: Schlesinger, 1975:). The number
of models has not been great, mainly because they demand cumbersomely large
amounts of computing storage and expenditures if adequate spatial resolution
is to be achieved. Indeed, even in the most sophisticated model, i.e., that
of Schlesinger (1975), the calculations had to be limited to preliminary "mid-
get" experiments with sufficiently few grid-points to circumvent these demands.

By contrast, in recent years, a number of two-dimensional models have
been developed for the study of deep precipitating convective clouds (Takeda,
1966: Orville and Sloan, 1970b: Schlesinger, 1973a, b: Hane, 1973). Two-
dimensional axisymmetric models have also been developed (Ogura, 1963: Murray,
1970: Soong and Ogura, 1973). These models demand far less computer time
than three-dimensional models, and are able to reproduce many important features
of the cumulus cloud. Even simpler, less time consuming models are "quasi-
two-dimensional" models (Weinstein and Davis, 1968: Berkofsky, 1974: Simpson
and Dennis, 1975). Such models have given remarkably reasonable results in
cumilus dynamics studies, especially when used for operational purposes.

In view of the above comments, and in view of the fact that little work
has beer. done in this area relative to desert cumulus, the approach to be taken
here will be to develop, at first, a "quasi-two-dimensional" model, and then
go on ta more sophisticated models.

The purpose of the current proposed research is to develop a model for the
prediction of the formation, growth and dissipation of a cumulus cloud in a
desert region. The investigation of cumulus clouds is important because such
clouds release large amounts  of energy, especially in tropical and sub-tropical
latitudes, and thereby profoundly influence the atmospheric circulation in
those regions. Furthermore, there are certain practical advantages in beirng
able to predict the development of desert cumulus clouds. As rainfall is
sparse and spotty in desert areas, there would accrue profound advantages to
the agriculture and other aspects of the economy of such regions if the
occurrence or non-occurrence, and the location of precipitation, could be pre-
dicted. Additionally, the ability to predict intensity and amount of rainfail
would be extremely important in relation to desert floods. Finally, a by-
product of such studies would be the ability to consider weather modification
possibilities.

Cloud Model and Equations

We shall consider a cloud model in which the variables are functions of
height, z, and time, t. The model is axisymmetric, but the radius of the cloud
is itself allowed to vary with height. Thus the cloud model has the character-
istics of a "plume" model. The system to be studied has the following main
assumptions implicit in it.

SRRSO VNP




TR g B S i < i Tt 2

1. Cloud is condensed water that fully shares the air motion.

2. Cloud forms in rising saturated air and evaporates in descending air at the

rate~wpciwhere s is the saturation mixing ratio of water in air, v~ s

the vertfchl velocity of the air, g is the air density. Cloud-containing air

is always saturated, and unsaturated air never contains clouds.

3. Cloud changes to raindrops that are distributed in size according to an

inverse exponential distribution at the rateR,(PQ.~«) where the magnitude

of k) and a my be selected to simulate various processes and rates. )/ is

the "cloud water" - water which is condensed in the updraft, forms very smal)

droplets which have a negligible terminal velocity and are thus totally carried

along by the updraft. £, (pQ¢ —a) is called "conversion".

4. Precipitation particles once formed are assumed to be distributed in size

according to an inverse exponential law and to collect cloud particles or

evaporate in subsaturated air according to approximations to the natural

accretion and evaporation processes. This is called the “"collection" process.
To derive the appropriate equations for the model, we begin by defining

dmc = dm_ - dm_ (1)

[see Ooyama (1971)], where dm. represents the change of mass of a rising plume
as the net result of entraimment dm, and detraimment dm_. Thus, as the mass
rises from z to z+dz its mas increases from m to m+dm. In general, it is
assumed that entrained air brings q, into the plume ( & is a scalar, and e
means environment) and the detrained air takes q4 (c means cloud) out of it.
Therefore, if oris a conservative property, the general conservation law is

written:
d_ (o, wACS = Qe dWes — o/ d W _
or (2)
Me doe = ~ (Q’e—-Q—JJ.W\“
Writing T (temperature) for or, and multiplying Equation (2) by Cp, we find
(dR)g = ComedT = ~¢, (Te ) dme, (3)

where (:‘.h)S means sensible heat gain or loss due to entraimment, p is specific
heat at constant pressure. Similarly,

(@R), = Lwcdge = -~ L{ge- g dme, (4)

where (dh); is a heat loss, L is latent heat of condensation, q is mixing ratio.
The heat 10ss is due to evaporation of liquid water necessary to resaturate
the air which has become slightly subsaturated due to entrainment.

When the supercocled water in the parcel is frozen, there are two more non
adiabatic heat transfer terms to be considered. The first is the heat gained
due to the release of iatent heat of fusion.

(d“o‘\* = Wi L‘F(Q',') (5)
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/
where L¢ is the latent heat of fusion, and Q is the amount of supercooled
water tﬁat is frozen, in units of grams of water per gram of air. Here

Q' - Q. + Q (6)

where Qc/ is cloud water, i.e. the water condensed in the updraft, having ,
negligible terminal velocity, and totally carried along by the updraft. Qp
is called hydrometeor water, i.e. a class of drops which have grown from
Qc due to contained condensation, which have important terminal velocity.
Tﬁe process by which hydrameteor water is formed is called conversion.
Before freezing occurs, the liquid water and water vapor in the parcel
are in vapor equilibrium at the saturation vapor pressure over a water
surface. Immediately after freezing has occurred, a similar equilibrium
must be achieved between the newly formed ice and the vapor. Since the
saturation vapor pressure over an ice surface is less than over a water
surface at the same temperature and pressure, there must be a deposition
of vapor onto the ice. The heat gained by the parcel by this deposition is

(d2)4 =me\s (A%Q Water = ice ()

where Lg is the latent heat of sublimation, and (A%s) watersice is the
difference between the saturation mixing ratio over a water surface and
that over an ice surface.

The first law of thermodynamics is

dh =(c, dT— SdpIwc (8)

where dh is the heat gained or lost by non-adiabatic processes, is air
density, is pressure.
Using the hydrostatic relation only at this point,

dp:_p:gdz (9)

wg can substitute Equations (3), (4), (5), (7), (9) into Equation (8) to
obtain

T A ~ L
d.a__tc =_Wc[-;'}-(|+ )+ (Te-Te) +/u-c;(‘gs-1w):l
(1+ -C:%'?}>

.‘__._.L. {L; Q' +Ls(é%s>w&,er-9ice]
Gde L*gs \> |
\ + €
F ( CpRT
where A1 is the heat equivalent of work, J = %— = mechanical equivalent of
heat, € = 0.621. !
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| Here p= Voo %—i-—— ) (11)
We shall derive an expression for u later.
The above Equation (10) for the rate of change of temperature within the

cloud reduces to the equation for the pseudo-adiabatic lapse rate when there
is no entrainment (y=0), and we write

AT i 4T
aE T w47 (12)

where w is the vertical velocity of the parcel.
The well-known Clapeyron equation may be written

d\(l _ g €L o\Tc
“5&5— ) Tz%%<gw‘ + Te TF> (13)

One way’o'f deriving the cloud water equation is to apply Equation (1) to the
sum of vapor and cloud water within the cloud (where %c= %5 by assumption),

AL ] = (g @) avm, = (3 +0) Ame 10

!
Since Qce=0= convective cloud water in the enviromment,

dQ. _ _ dq "
T des‘"“"‘“(‘gs*%ﬂ“%} (15)

If we assume that is is permissible to add the collection and conversion terms
(to be specified explicitly below), even tnough thay destroy the conservation
properties to some extent, we get

[4 d’ < )
.d g - 4¢s . - "\
" = 1%: L Wa (%s ?g + COC P
: -conversion - coilection (16)

A more sophisticated treatment starts from the equations of Xessier (1969).

98 _
—%—ES ~-—L\}_9.‘. -’\f}_gs- ~—(,u~%%c_ ‘\—W(st'o"’\i‘ __.}Q_,\)

o% Y 2%z e/

| 2P _ o) - . ~
-+ch-—_>—{~ ’&'(Qc a) 'RIQ‘Q& (%>

(17)
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and
R
'a:i& - _u B\?: -\ bQ\; (\/+\—d'\ 'BQ-( QR + Q& W—:f;‘?
a8
£ A,(Q-a) + A\ &, Qa (M (18)

In these equations, Q, Qp, Qg are the cloud water, hydrometeor water,
and cloud water vapor, respectively, measured in gm m-3. They are related to

Qc,Oh,q by

Qe = p Qc‘ \ (19)
Qa=p Qu g
Qs - P s )

The terms involving ki and k, are empirically derived for the calculation of
conversion and collection, respectxvely V is the terminal velocity of liquid
water droplets. It is related to Qy by

L NO- 15
V:—\ang(Q&) , (20)

where K3 is a constant,

(.39, T >23a33°k
Ky = (21)

LS8 T £ 333°y
Py is the density at the base of the cloud.
We may relate the horizontal transport terms (o the entrainment in the

following heuristic fashion.
In cylindrical coordinates

\.( \ %V—-Bch t Qs\> = Up ’%’R[Qt '*"Qs\>
2 Uy L@+0)e ~ (&t CQs\,__z__]_ (22)

where U is the inward directed velocity, and where the subscripts e and i
refer tb the outer edge and the center of the cloud, respectively. Thus
Ar = r = radius of cloud.

Since Q¢ = 0,

“und (@ +0) & - Lo - @) + 6 (@)

If we put, for the time being,




Up ~oorves ) & = K (24)

(These assumptions will be discussed later in connection with entrainment), then

- (u‘ax b\/)( Q‘f ‘f@',‘B - M W [Qc( + ( Qs; - Qe)] (25)

Similarly,

“luR v 28y v -y W Q
\ QY B)If ¢~ M . R (26)

since Qpe = 0,

Then the equations for Qé and Qé become

a9 ‘*—% - axw (gsg40 R0 >-%1§*(7‘i%7/‘®£<o;>% (@)

and

4P )
In this formula, we assume dﬂvxf’/dz x (3c/22 S ﬁ\\}/d2 *}V/?Z

To derive the equation for the vertical velocity. we consider the third
eqiation of motion

dw __ 13 o _a

rvaleil- il S LT (<9)
Assuming that the environment is in hydrostatic equilibrium, that the pressure
gradient of the perturbation ( /p‘bvlrﬁ can be neglected compared with that of
the enviromment, and that the drag feorces include those due to Q and G:.
tauation (29) may be written.

dw- 1(l+o €197 (:+ou DT

—
~

t “"O‘\%Q\

i ‘7 T rIn
-~ Q- QoMW (30)

In Equation (24), we have (tentatively) assumed

M:Q/}'{
Then we need an equation for r. We derive a continuity - equatior starting
with

-6-




M .z dW\(; - ”‘ t RV} A
Then dM
¢« _ d T
Az Az (TR P we) (32)

[See Warner (1970)]. Let the average radial velocity around a given cross- 5
section of cloud be U.. Then the average inflow is U.ds. The actual inflow is ‘

T

So wds « 2LTTA U, | (33)

Now assume that the average radial velocity is proportional to the vertical
velocity in the center of the plume,

Un 2o Wi, (34)

Since Ly = g w, . , the entrainment is

The flow of mass into the cloud is then
LIR a we P, Fwmawm ' sec™
Thus the convergence of mass flux is
d M('
t .
L T TR ke W (35)

Using the definition of dMe; /a1 in Equation (32),carrying out the indicated
differentiation, assuming ~p; , and dividing by Mci, we find

Ze =YW s VT az 4w /- 6]
I1f we calculate
L AW d

Mo (Tr/l"l P: (AJ};) ,

(8

we find




A 4 M, ,v_}.&

M. 43 RO (38)
W assume that
1 Awme AM . 2o
M=o 4z 0 Ve 7 e (39)

Perkey and Kreitzberg (1972)].
Equations (10), (13) (20), (27), (28), (30), (36), (29) form the system
the unknowns Tc q4s,V, Q< Saywi pe pe IR solving the time dependent

s of these equatio s, we write A/d(: )/Bt- + W'%Z

2 we have already related horizontal transport to entrainment.
~ical Equations
We Tist these in the order and in the form in which they wiil be solved

%SL wgtey %SL = _;" O ¢ (40)
|2
" - )GQ; 4+9.5553
P3cice  ° < [_ o 7 (41)
" n R4
(A%,( water —» (€ = %s{ wakeyr — %si((e (42)
e n means time step and i means level. Here p is pressure and - .621.

:)o :{W¢1>°+1541[ Mo &1 e, TS -(1+o. ufi,m‘ (Q(‘ Go. >}
( 14o. c)%eﬂT‘ (43)

—2pw’yaz

"

o o ° / ° B
o R +a 4z —Iﬁ—i—-i(ﬂ“wﬂ; --ﬂ“ul“:)+(£“ﬂ-“ - ’Q“P:)J (44)

T
Q: = EP%—: (45)
o 3= '
Crheny (-2 5 A2), oL b (s6)
35 8 8- RTB




N (47)
It
T, -T + Q:_ Tﬁ_{_ Hi, LT>+H (_]_ T>
+ M= (gs “%ei)
[ ]
. R (V) (48)

E;l &L‘ (Qc '*"Q"e“)“"LS(A%g) \ha&v-»ice-k
c gy
S V' s
T*' T‘ W Af AT - u\r 5\_5_(1%:_'&) o T —Q>4“__(8 %h] -
49

I+ GLzs .
™ " M CP‘IT'\)
+?\ XLG (Qq +Q('I >+L5 (A%sb v.sk:v—)'\c(]
G \\ T —
- ' ,,mh o
\\Q(-‘\'\‘f‘: \(Q \" w Ab(Q( - Q ) i__iaf
) T
- éf::%i.i A{_—);Tt ~-T: +w- Tl+ -'l:)] /u w At 3‘(% ,z >+{Q< 2&] (50)
-4 at L(Q ) —‘L] 4, ael(_aﬂ \" 3%&\))
— V(\ T K [(&l(\/\J"'\f (51)
I R R R S (P 3 N’“’%“}

- W W (@(MM‘@“ P)mi ] "pyim)}
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“ “ » <
W o- W, - W;(w;*,—wtﬁ _ H‘_"(W_‘?} at

P4

A at i H—OU‘L&BT “(WOH?L\TQ _ (@ +Q{f)“] (53)
. (14 0. Q\CsensTh ‘

" i n
AR = 1. A&'(le, R )_{.A.Qt w".,hf R Af: Mw (54)
4t mm.) B0
AL

Procecure for Solving System
Given: o, 4, ZCp R, ¢, % a &*!Qs K, are constants

Ky = 1539 before ice nucleation
ki< {1 S8 after nucleation

L=595 cal g T3> 233371 1 2\ =0

< Jbs 2 EFR car g .
) ‘%ls = B0 ca! gk" b TEIR K
initial Data: Tei  Gec T ,ku“\" Q) .

. . D g
Boundary Data Given: ore Ry . Wiy hB e } dQ;) Pu .

1) Calaulate %s( from Equation (40) or (41). !

2) Calculate ( w‘-*,, )’ from Equation (43). UseWw=w,at Z =%, .

3) Solve for w"u_,

4) Calculate Tl.+, from Equation 44). UseR=zhy at 2=2), w,.“d w
are known from Step 3. ¢, and p. are calculated from Equation (45) and (46).
Stop calculation at level where w <o,

5) Soive for AL from Equation (47).

w4l \ ) )
§) Calculate 1t —Tc + w: (Eﬂ;j_ﬂfrom Equation (48).

Ak A2
-10-
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_7) Solve Equation (49) for |« . If T E37K, include

Lo(Qc + @ )" and (A %s;\“ water —> ice. Let L = Lg at that level
and all levels above.

8) If T: £373% return to Step 6 and recalculate
LY » - )
110w (v -1
. . At
including freezing terms. AZ

' 4
9) Solve Equation (50) for ( Q) . Include the term

2. L(any- TH $(alY > 5

if (Qc, Y 4‘1__“‘ y omit this term,
In either case.t include
& " ‘3 . ?/' P I\ " B2
£ LY (Y @y T Y]
10) Solve for V; from Equation (51).
If To333'k, Ky =is29,

If TL 333° K, Ky = 153,
[
11) Solve Equation (52) for (Qg(‘\ .

+)

“
12) Solve Equation (53) for W, |
13) Solve Equation (54) R:H.

N N2
14) Return to Step 1, but now (Q(‘) and (Q{') may not be zero.
15) Skip Steps 2, 3, 4, and go to Step 5.
16) Continue the procedure through Step 13.

17) Go to Step 14, and update everything by 1 . Stop all cal-
culations at timeh4iat the level where w-"" _

Experiments

We have run eight experiments, with five sets of initial data. With
each set of initial data, two runs were made - one with variable At, one
with constant At. The variable At was determined from

AL £ A2

(58)

at each time step. In each case, probably due to choice of initial conditions,
the cloud 1ife was short. In an effort to determine whether this brevity was
related to the numerical aspects, we ran each case with several time steps,
each one constant throughout the run. We selected the time step which gave
the longest life cycle for comparison of results using variabie At. We used
Az = 200 m.

-11-




In all but two cases, we have chosen as boundary data w = 1 m sec-!,
r=1km, Q. = Q, = 0 at base of cloud. We used a= 0.15 in the entrainment
equation. ?he initial data have been varied in each experiment. The top of
the cloud is that level at which w = 0.

Case 1: In an earlier paper (Berkofsky, 1974), we have solved the steady-
state equations. We used the results of that experiment as input data for Ty,
Te» Q-, Qn. Fig. 1 shows the temperature profiles within the "cloud" at t = 0,
Zf, 130, 264 seconds, for variable at. The ordinate is temperature, T, the
abscissa the number of the level, L. By time 264 seconds, there are only 4
levels left. At the same time (Fig. 2), the cloud radius at the top has de-
creased from about 1.34 km at the top to .79 km at the top. The vertical vel-
ocity (Fig. 3) at the last non-zero level has decreased from 5.55 m sec™! to
1.87 m sec-!, The cloud water (Fig. 4) has actuallyv increased at the top level
at 264 seconds, but (Fig. 5) the hydrometeor water has decreased substantially.
Notice that the patterns of r, w and Q¢ appear to oscillate widly at t = 140
seconds, but then settle down as the cloud dissipates.

We ran this case with w at base =z 105 cm sec., with similar results.

Case 2: This is a repeat of Case 1, but with At = 9 seconds - constant.
The cloud lasts longer (until 7 minutes). The results, Fig. 6-10, for 9, 90,
and 3.5 seconds are plotted. These are similar to Case 1, but do not oscillate
as wildly. The increase in stability within the cloud, pius the decrease of
vertical velocity at the top, lead to its destruction, despite the increase in
cloud water.

Case 3: We have used real data from Sede Boger, 2 March 1982, at 1322.
The environmental temperature profile, Tg, is the same as the curve labelled
Initial in Fig. 11, except that the Towest five levels have been given a temp-
erature increase in order to provide a perturbation for development. This
perturbation was calculated from

T - “+cos f_fﬂ_t’;__i})} (56)

where K = 1, 2, 3, 4, 5, (See Hill, 1974).

With variabie At, the cloud "disappeared" after 3 minutes. The results
for 1Y and 145 seconds are shown. At that time, the “"cloud" was still 4400 m
tiick. At the time the data were taken (1322 LST), there was a rloud cover of
6/8 cumulus congestus. But the lapse rate in the lower lsyers become very
<iable, leading to the cloud's disappearance. Nevertheless, the cicud radius,
the vertical velacity, the 1iquid water, and hydrometeor water all rcached
maxiumum values within the cloud at about 2800 m before dissipating {cee Figs.
11-15 inclusive). In actual fact, the cloudiress persisted until evening.
This is not predicted by the model.

Case 4: Same as Case 3, but with at = 7 seconds = constant. In this case,
the cloud lasted for 3.5 minutes. The results are shown for 7 secords, 20
seconds, 140 seconds, 245 seconds, (see Fig. 16-20 inclusive). The results are
very similar to those for variable at (Case 3), except they are sliqntly mere
stable.

Case 5: We have used real data for 10 March 1932 for Sede Boqer, at 1257.
The calcuiations showed the cloud dissipating after about 4.5 minutes. The re-
sults for 20, 126, and 189 seconds are plotted on Figs. 21-25 inclusive. Even
though the cloud had expanded at the top, and the vertical vejocity and liquid
water increased, tne lapse rate was so stable that the cloud cculd not grow. In
actual fact, cloudiness of 7/8 stratocumulus persisted throughout the day, \ith
occasional 1ight rain. One of the problems here is that the radiosonde went
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through the clouds, giving cloud temperature instead of envirommental temperature.

Case 6: Same us Case 5, but with At = 9 seconds = constant. Figs. 26-30
inclusive summarize the results. The main difference between this run and that
for variable At is that the cloud lasted about 2 minutes longer, and the hydro-
meteor water stayed higher for a longer time.

Case 7: We have used real data from Sede Boger, 17 March 1982, at 1300.
There was a cloud cover of 6/8 stratocumulus, which disappeared later in the
day, With variable at, the cloud disappeared after 3.5 minutes. The plots
Figs. 31-35 inclusive, show results at t = 20, 124 seconds. Actually, at 124
seconds, the clouds top was still at 11,200 m, but dropped to zero in another
1.5 minutes. In the actual atmosphere, the clouds dissipated during the
afternoon, but it is not known exactly when. Notice that in the calculations,
the radius of the top had increased considerably by t = 124 seconds, the over-
all vertical velocity had increased, as did the top cloud water content. But
the hydrometeor water increased only in the first few hyndred meters above
the base, where the cloud radius was smallest and where the cloud lapse rate
had become very stable.

Case 8: Same as Case 7, but with At = 9 seconds = constant. The cloud
lasts for 414 seconds, instead of 205 seconds. However, the collapse of the
cloud took place at an early stage, the cloud top dropping to 4,000 m by
135 sec. This is probably more realistic than with variable At, since it is
unlikely that the cloud tops grew to 11,200 m in the atmosphere. The results
are shown in Figs. 36-40, inclusive.

Inclusion of Cloud Model In A Model of Larger-Scale Flow

In an earTier paper (Berkofsky, 1974), wé have described how a cloud model
might be included in one for the larger-scale. In essence, we solve three
systems of equations: one for the sub-cloud layer, one for the free air, one
for the cloud. In the operational scheme, we actually assume the existence of
a cloud within each grid rectangle. The modality of the ensemble is to be pre-
scribed from observations. Thus in the Central Pacific, the cloud distribution
is bimodal. Whenever the equations for the larger-scale, free air, predict
at least a conditionally unstable lapse rate, it is assumed that a cloud en-
senible exists at that grid point. The cloud equations are then solved, using
input data from the free air model, and assumed radii of bases. The conden-
sation heating term in the first law of thermodynamics is calculated from |

PV I
L ag, LA =S (57)
¢ at Cp Ab = ‘

where the bar is a horizontal average over a grid spacing, At is the time step
for the larger-scale motions, f; is the fraction of sky covered by the jth

; population of convective clouds. Here Q.; is the cloud liquid water, which is :
! calculated by the cloud mode). The quanﬂty AQ” is calculated from ~

— G
A Q; ~ Qe (E+a) ~ Q.. (6) (58)
At - At

in which we assume
-13-
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(59)

This quantity represents the rate of change of condensed water by the clouds.
This together with the cloud heating, is fed into the larger-scale equations,
thus influencing the entire surrounding circulation, and hence the moisture
supply for subsequent cloud calculations.

Complete details of the model and the procedure for solving the system
are given in Berkofsky (1974). The cloud model in that paper differs in some
minor details from the present one.
Conclusions

e have developed a one-dimensional time depend:nat “plume" model to pre-

dict the growth of a cumulus cloud. In all of the cases we studied, using
both real and artificial data, the "cloud" had a short life-time-of the order
of several minutes. This may be due to our choice of initial conditions. It
is possible that, had we varied the initial temperature perturbation, the initial
vertical velocity at cloud base, the initial cloud radius, development would have
been otherwise. Our choice of a cloud radius and a vertical velocity at base
implies that a cloud exists. What is more likely is that the temperature diff-
erence between our developing "cloud" and the real atmosphere was such as to per-
clude any further development.

During the entire course of the numerical experimentation, we never
reached the point where we had sufficient observations, both in the ambient
atmosphere and of the actual cloud growth, to test the predictions. Even on
days when there were clouds, there were no continuous cloud observations, so
it is not certain whether a specific cloud, predicted to decay, actually did so.

Nevertheless, it is felt that the model deserves further testing. In the
very near future, we will be in a much better position to measure required data
as input and verification of the model. These will include radar data.
Recommendations

It 1s recommended that the model be re-tested when more data becowe avail-
able in the Negev. It is possible that such data exist in U.S. deserts.

It is also recommended that the model be used in conjunction with a
larger-scale model. Thus, when the larger-scale model predicts that the air
at a grid-point is at or near saturation, that the lapse rate is conditionally
unstable, that the vertical velocity of the larger-scale motion is upward, it
1s assumed that an ensemble of clouds exist. The modality and the input data
(radius of base, vertical velocity of base, cloud water and liquid water at
base) will be assumed from known cloud statistics of the region, and will be
used as input data, together with ambient temperature from the larger-scale
mocal, to solve the cloud equations. The total latent heat released at each
grid point is then calculated from Eq. (53), and fed into the first law of
thermodynamics for the larger-scale motions.

Finally, it is recommended that the model be modified to include a dust
equation. As a first attempt, we might consider a dry atmosphere, lacking
either cloud water or hydrometeor water, in which dust is entrained during
conditionally unstable conditions. It would be of great interest to calcui-
ate the height to which a dust cloud, emanating from the ground, would grow.
Even a steady-state calculation would be revealing.

-14-
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Appendix_- Camputer Program
The attached program is in two parts. PROGRAM CLOUD 1 goes through the
initialization procedure to calaslate the initial values, and copies the re-
- sults to files. PROGRAM CLOUD 2 carries out the calaslations, according to
the steps outlined in Procedure for Solving the System.
The calculations were done on the PDP 1134 computer at Kibbutz Sede
Boger. The progran was written in BASIC PLUS language.
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EXTEND

bIM TE(O1X)rQECALIX) v T(E1%92X) »QC(S61X92X) yQH(61X92X) &
DIM QS(61X)rW(61X92X) rR(H61X92X) »ROCELIZ»2X) sP(E61X»2X) &
DIM MUCH1Zy»2%)»V(61%92X)QSI(61%)»DAS(H1X)

ALFA=0.15 \ Al=2,39%(10XX(-8)) \ G=980 \ CF=0.239 ¢&
J=4,185%(10%%7) \ RC=2.87%(10%%4) \ EFP8=0.621 &
A=0,1K(10XX(-5))

PRINT "CL OUDI1 "STIMES(OZ) 3" "$DATES$(OX) \ PRINT &
INPUT *DZ VALUE"3DZ \ PRINT &

INPUT °“LEVELS NUMBER - MAXIMUM 60°3LEVX \ PRINT &

INPUT "W(1s1) VALUE"#W(1Zy1X) \ PRINT &

INPUT *P(1s1) VALUE®#P(1Xs1X) \ PRINT &

INPUT °“FILE NUMBER®"$D$ \ PRINT

PRINT \ PRINT ° CONSTANTS" &
PRINT * srmzsrsssssrscossmnezssae==s? \ PRINT &
PRINT * ALFA="3ALFAS" Al="3A14" G="3Gs" CP="3CPI"* J="3J} &
* RC="3}RCi" EPS="fEPSI® A="3A \ PRINT &
PRINT * DATA FROM TERMINAL" &
PRINT °* CusrmararsrzasrsIssrarrsSsssrnszssassssasss=x=® \ PRINT &
PRINT * W(1ls1)="3WCiXeiX)$5" P1e1)="3P(1%s12)4"* DZ="4DZ} &
* LEVELS=*S#LEVZi"*" FILE NUMBER=°§D$ \ PRINT \ PRINT

OPEN °CLTE."+D$ FOR INPUT AS FILE 1X,MODE 8192X &
INPUT #1X%,TEC(IX) FOR IX=1X TO LEVX \ CLOSE 1% &
OPEN °"CLQE."+D$ FOR INPUT AS FILE 1X,MODE B8192% &
INPUT #1XZ,QE(IX) FOR IX=1X TO LEVX \ CLOSE 1% &
OPEN "CLT."+D$ FOR INPUT AS FILE 1X,MODE 8192X &
INPUT #1%,T(IXy1X) FOR IXZ=1X TO LEVXZ \ CLOSE 1%

S8Tis=" LEVEL * \ STi$=STi$+"* TECI) QE(I) "t
8T1e=8T1¢+* T(IYN)® \ ST28=® ———w- .

8T28=28T284 "~~~ mmmmnw e * FOR IX=1XZ TO 3% &

§T3¢=" 84" \ ST3#=ST3s+" S, 88888877 """ FOR IX=1X TO 3X \ FPRINT &
PRINT * DATA FROM FILES S" &

PRINT °* EEErsEaENEEZEERERREREesseSIsonareeesexonxes® \ PRINT &
PRINT ST1$ \ PRINT ST2¢ &

PRINT USING ST3$»IX,TE(IX)»QECIX)»T(IXy1X) FOR IX=1X TO LEVX

T(12922)-T(1211%) \ QC(1Xs1%)rQC(1Xr2X)=0 &
QH(1X91X) rQH(1X»2X)=0 &

RN SRR T il




R(12Zy1X)¢sR(1Xs2X)=10%%5 \ F(1Xy2%)=P(1%s1%)

550 ] e i e [ 8
| STEP 1 - CALCULATE P(IyN) FOR N=1, FOR I=2 TO LEV g
' ____________________________________________________________
555 FOR I%=2% TO LEVX %
\ EZ1=0 &
\ EZ1=EZ1+DZ/T(K%Zr1%) FOR KX=1X TO I% &
\ P(IX»1X)=P(1%y1X)XEXP((-G/RCIXEZ1) &
\ NEXT 1%
400 b e e e g
! STEP 2 - CALCULATE RO FOR N=1, FOR I=1 TO LEV g
[ o o oo o o o o 2 e e e e e e e o s e i S o .t S S S 1 o o S o e e i o e e O 1
405 ROCIZs1Z)=P(IXs1%)/(RCXT(IXs1%)) FOR IX=1X% TO LEVX &
\ ROCLEVX+1%»1X)=24R0OCLEVX»1%) -RO(LEVZ-1%s1%) &
\ ROC1%»2%)=P(1%92%)/ (RCKT (1%92%))
650 e e I g
| STEP 2A - CALCULATE QCsQHsY FOR N=1, FOR I=1 TO LEV+1 g
| o o e e s o o e s e s a4 A .t s S L e O s 0 S o o S e o s e s S s B et e e o o e e S S e S e o l
455 QC(IX,1%2)=0 FOR IX=1X TO LEVZ+1% &
\ QH(IX»1%)=0 FOR IX=1X TO LEVZ+1% &
\ V(IZr1%)=0 FOR IX=1X TO LEVZ+1X
700 o e e e g
| STEP 3 - CALCULATE MU - EQUATION 47 "
| STEP 5 - CALCULATE W - EQUATION 43 g
| STEP SA - CALCULATE R - EQUATION 44 I g
| STEP 4 - CALCULATE @S - EQUATION 40 "
| STOP CALCULATION WHERE W=<0 I g
| o v o e s e o e e e e om0 O S i St Y e e S R Rt B e S S R e 8 B e B S S e e ]
; 710 FOR IX=1X% TO LEVX 8
| \ MZ=I%+1% &
| \ MUCI%» 1%)=2KALFA/R(I%Zr1%) \ E2=LOB10(T(I%y1%)) &
\ E1=-2937.4/T(1Zy1%)-4,9283KE2+22,5518 &
| \ E3=P(IX%s1%)%0,0001 &
| \ @S(I%)=(EPS/EZ)K(10XXE1) &
| \ E1=(140.61KAS(IX)IXT(IZy1%) \ E2=(1+0.61XQE(IX)IXTECIX) &
| \ E3=2KMUCIZs1X)k(W(IX»1X)K%2)XDZ \ E4=(E1-E2)/E2 &
| \ ES=(W(IXy1%)KK2)+2XGKDZXE4~-E3 2
; \ IF ES>=0 AND W(IXs1%)>0 &
| THEN 790 &
ELSE LEVX=IX \ GO TO 1000
790 W(MXy1%)=SOR(ES) \ E1=L0G(W(MX»1%))-LOG(W(IXr1%)) &
\ E2=LOG(RO(MXs1%))-LOG(RO(CI%r1%)) \ E3=R(IZs1X)/2 &
\ R(MX»12)=R(I%»1%) +ALFAXDZ-E3(E1+E2)
820 NEXT IX
1000 Jmm e e e e |2
' PRINT RESULTS ' g
§ ot o i i e o e i e o o o e e 4 e o OB G 4 i S Y Bt e e R B s S Skt e B S e '
1005  STis=* LEVEL TECI) !
\ ST1$=8T18+° QECI) TCIsN) "3
\ ST18=8T184°  GC(I/N) QH(I/N) * 3
\ ST18=8T184*  GS(I,N) WCIoN) * \ ST28=" -——-- ‘3
\ ST28m8T284 " ~——=mmmeom e * FOR IZ=1X TO 7% \ ST3s=" 44" 3
\ ST3S=ST38+"  #,488844°"""° FOR IX=1X TO 7X %
\ STA$=" LEVEL R(I/N) ‘3
\ ST4$=ST4$+4*  ROCIIN) PCIOND "3
\ STAS=8T484*  MUCIIN) V(IoN) * 3
\ STAS=STA$4*  GSICIsN) DASC(ISN)  * \ PRINT &
\ PRINT °* RESULTS - INITIAL VALUES® &
ANATOOA
s AR R e B i .




e W DR e ,
4 N

PRINT °* R NN SRR SRS RREEC S RSEEE Y § ]

PRINT \ PRINT ST1$ \ PRINT ST2¢ 2
PRINT USING ST3$,IXyTEC(IX)rQECIX) rT(IXs1X)»QC(IXr1X)sQHC(IXr1X)» &
QSCIX)»W(IXr1X) FOP iX=1X TO LEVX 3
PRINT \ PRINT \ PRIw: \ PRINT ST4$ \ PRINT ST2¢ &
PRINT USING ST3$sIXZeR(IXr1X)rRO(IXr1X)»F(IXs1X)»MUCIZr1%)y &
V(IX»1X)»QSICIX)»DAS(IX) FOR IX=1X TO LEVX &
PRINT \ PRINT
100 o o e e e e e e e ! &

ol s 7 P4

1105 INPUT 'SAUE RESULTS IN EXTERNAL FILES <YES OR NO>"#DD$ &

\ GO TO 10000 IF DD$="NO" 3
\ GO TO 1120 IF DD$="YES® &
\ PRINT °®INCORECT ANSWER® \ GO TO 1105

OPEN °CLP."+D$ FOR OUTPUT AS FILE 1X &

PRINT #1X»P(IX»1%) FOR IX=1X TO LEVX \ CLOSE 1X &
OPEN "CLQS."+D$ FOR OUTPUT AS FILE 1X &

PRINT #1X,QS(IXZ) FOR IX=1%Z TO LEVX \ CLOSE 1% &
OPEN °"CLW."+D$ FOR OUTPUT AS FILE 1X ¢

PRINT #1X,W(IXs1X) FOR IX=1X TO LEVX \ CLOSE 1X §
OPEN °“CLR."+D$ FOR OUTFUT AS FILE 1X &

PRINT #1XsR(IXv1%) FOR IZX=1X TO LEVX \ CLOSE 1X &
OPEN °"CLMU."+D¢ FOR OUTPUT AS FILE 1% &

PRINT #1X,MUCIZv1X) FOR IZX=1X TO LEVZ \ CLOSE 1X &
OPEN °*CLRO."+D$ FOR OUTPUT AS FILE 1X &

PRINT #1%,RO(IXs1X) FOR IX=1X TO LEVX \ CLOSE 1X
0000 END
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EXTENID
B o e e e e | g
! FROGRAM cLoun?2 L
§ o e o ot e s e e et o e e e o e e e am 4 e S 80 et e s e A S G ot S S 7 AL S e St i i s L o o s e i e e |
[ e s o e e i o st s e e m e o4 et 00 e e e A R 00 ks G s T S St S R s i G AR S b o AR T kb e i e om0 1 g
! DEFINITIONS ! 8
B e cm ot ot i e e thin coin om0 s . Saie s 5000 00 tns s G004 So0e boms bume SS4S S04 chns m FERS R4S S080 S0 4P WIS GOTD 00 S0 Gukn e S R OO v b AD Mtn P v et ]
DIM TE(A1X)y QE(61%)y T(A1Zs2X)y» QC(61Zs2%)» QH(61X,2%) &
DIM QS(61%Z)y W(H1%y2X)s R(O1Zs2%Z)» ROC61%s2X)y F(61XZs2%Z) &
DIM MUCALZy2%)y V(61%Zy2%)y QSI(461%Z)y DASC(61Z)
J o e i o on s e e 1m0t e i it S St S, S 10 S S0 s o Lo e e 08 Yo S o g A i e o S s S [ 4
! CONSTANTS L 1
1 e e e e et e o e e e e 1 1 e s 15 e e s s S o 2 s o e 2 e e 2 o e ot s e S o 2 )
ALFA=0,15 \ A1=2.39%(10%X%x(-8)) \ =980 \ CF=0,239 &
J=4,185%(10%%7) \ RC=2.87%(10%%6) \ EFPS=0.621 &
A=0,000001 \ E?78=7/8 &
STi$=" LEVEL T(IsN) WCIsN) R(IsN) "8
ST1$=5T1%$+°* FCIsN) QRC(IsN) QH(I N * 3
ST2¢=" LEVEL ROCIYN) MUCIsN) V{IsN) . ]
ST2$=5T2¢+" Qs(1) QsicI) nas(1) " e
ST3$="  —~—--—  —omomemmsem—e e smeecme s e * 3
ST3$=ST3$+" —————mmmmeme | e m s e .
STA¢$=" £ 2/ L XS 22111 MAA F.38330°777 LR 22121 MM
STA$=STA4¢+" #.4##4$$777" $.543884°°77 X Z 21T T MO
SUMTIM=0
b o e e e e e e e L
| INFPUT narTaA FROM TERMINAL ! &
§ e o e e e o e e 12 s s e smn S s et S 7 e e 8 ot S e S et ek i B S ( Fo S e S S e et T St o e 2o !
FRINT "C L OUD2 *STIME$(OX)3 " "FDATES$(OX) \ FPRINT &
INPUT "DZ VALUE®*?DZ N\ PRINT &
INFUT "LEVELS NUMBER - MAXIMUM 60"3LEVZ N\ FRINT &
INPUT *TIME STEFS - MAXIMUM 250°3STEFSZ \ FRINT &
INFUT °*FILE NUMBER"FD$ \ PRINT &
INFPUT °*CHANGE T(I¢N) <YES> » <NO:>"#DD¢ N\ PRINT &

IF Dh$="NO" &

THEN 110 &

ELSE INPUT "RANGE TO CHANGE®"s D
INPUT *IS DT CONSTANT <YES> »y <NO>"3;DOT$ &
IF DDT$="NO" &
THEN 200 &
ELSE INFPUT *"DT VALUE®3 ;DT
B o o ot e s e et st o et o o et o i i o S s s e et St o a2 St 4 S S ot e S A P e B2 i e T e e 1 &
! FPRINT DATA ! &
| o o o o e 1 1 o o e e e ot e e e e i S 4 o S e S S e G0 S0 S S e S0 G0 S e T G0 St o S S St e e Ot |
PRINT \ PRINT °* CONSTANTS" &

PRINT * smsorssssrsssssssssasssssss® O\ PRINT &
PRINT *" ALFA="FALFA"§ Al="Al}" ="3G3s" CP="iCFPi" ="§J58
* RC="3RC#" EPS="3EFS55* A="#A3" TIME="3SUMTIM &
PRINT \ FRINT * DATA FROM TERMINAL®
PRINT * E e e E Y e Y E T e e T e

PRINT &
PRINT * DZ="iDZ " LEVELS="#LEVZ} " STEFS="#STEFSXi &

PRINT * FILE NUMBER="3D¢ \ FRINT \ PRINT

6PEN *CLTE."+D$ FOR INFUT AS FILE 1X,MODE 8192XZ &
INPUT #1%,TE(IZ) FOR IX%=1Z TO LEVZ N\ CLOSE 1% &
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OFEN *CLQE."+D$ FOR INFUT AS FILE 1%,MODE 8192X &
INPUT #1XyQE(IX) FOR IX%=1X TO LEVZ \ CLOSE 1% 3
OFEN °*CLP.°+D$ FOR INPUT AS FILE 1%»MODE 8192%X &
INPUT #1%ZsP(I%y12%) FOR IX=1% TO LEVX \ CLOSE 1Z 2
OFEN "CLT."+D$ FOR INFUT AS FILE 1Z,MODE 8192%Z &
INFUT #1%,T(IXs1X) FOR IX=1%Z TO LEVX \ CLOSE 1% &
OFEN *CLQS,"*+D¢$ FOR INPUT AS FILE 1XZyMODE 8192% 2%
INPUT #1%,QS(¢(IX) FOR IX=1%Z TO LEVXZ \ CLOSE 1X &
OPEN *CLW."+D$ FOR INPUT AS FILE 1%Z,MODE 81927 &
INPUT #1XZsUW(IXs1X) FOR IXZ=1%Z TO LEVZ \ CLOSE 1% &
OFPEN °"CLR."+D$ FOR INPUT AS FILE 1XZ,MODE 81927 2
INPUT #12ZsR(IX»1X) FOR IX=1X TO LEVXZ N\ CLOSE 1% &
OPEN “CLMU.*"+Dh$ FOR INPUT AS FILE 1%Z,MODE 8192% 2

INFUT #1XsMUCIZy1%) FOR IXZ=1% TO LEVZ \ CLOSE 1% &

OFEN "CLRO.*+D$ FOR INFUT AS FILE 1X»MODE 8192%Z &
INPUT #12ZsROC(IZ»1%Z) FOR IZ=1% TO LEVZ \ CLOSE 1%

MAT QC=ZER \ MAT QH=ZER \ MAT V=ZER &
MAT QSI=ZER \ MAT DQS=ZER &

IF [OD$="NO" &

THEN 510 &

ELSE T(IZ»1Z)=T(IZ»1%Z)+D FOR IX=1%x TO LEVZ

! MAIN LOOF-STEFPS OF TIMKE

FOR TZ=1XZ TO STEPSZ ! TZ - TIME INDEX &
DEGXZ=0%Z \ E1=0
FOR IX=1XZ TO LEVZ ! CALCULATE DT &
IF W(I%s»12)E1 THEN E1=W{(IZs1%)
NEXT IZ

DT=DZ/E1 IF DDT$="NO"

SUMTIM=SUMTIM+DT

FOR IX%Z=1Z TO LEVZ ) IX¥ ~ LEVELS INDEX &
IN%=I%+1% N\ IMXZ=IZ-1%Z \ IF TXZ=1% THEN 3580

E1=L0G10(T(I%s1%)) &
E2=~2937.4/T(1%Z»1%)~-4.9283%E14+22,5518 &
E3=0,0001%P(IXy1%X) &
QS(IX)=(EPS/E3)X(10%XE2)

él=~2667/T(I%;1%)+9.5553 g
E3=0.0001%P(IXs1%) &
QASI(IX)=(EPS/E3)X(10%XE1)

PAS(IX)=QS(IX)-QSI(IX) &
IF IXZ=1% &

THEN 590 &

ELSE 600
TC12%e22)=T(1%v17) &
P(1%e2%)=P(1%y1%) &

————— 'g

————— g

————— '
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RC1Zy2%)=RC(1%Zs1%) &

ROCLZ» 220 =P (1%, 2%) /(RCAT(1%»2%)) &
WOlZ»2X)=W(1%s1%) &

MUCLIZy 27) =2%ALFA/RC(L1Z2%) &

[ A4

GO TO 2000 ! TO NEXT 1IX
00 o e e e e g
! CALCULATE T - EQ., 49 rog
o e e e e o ]
601 IF IX<YLEVX &
THEN 605 &

ELSE IF T(IZs»1Z)>T(IMXs1%Z) &
THEN TCOINZy1%)=2%T(IZe1%)-TC(IMLZs1%4) &
ELSE TC(INZs»1X)=0,9%kT(IXy1%)

605 LA=677 N\ LF=80 \ L8=677 &

\ IF T(IX91%)>273 THEN LA=395 \ LF=0 \ LS=0

610 E1=TC(INXy1X)-T(IX»1%Z) &

\ E2=((TCINZs 172D +T(IMZs 12> ) /72)-W(IZ»1Z)X(DT/DZ)XEL &

\ E3=W(I%s1X)%DT 2

\ E4=(AL1XG/CP)IX(1+QS(IZ)XKLAXD) /(RCXT(IZy1%)) &

\ ES=MUCIZs1XIR(T(IZy1%)-TEC(IZ)) &

\ E6=MUCIXs 1Z)KC(LA/CPIX(QS(IZ)-QE(IZ)) &

N\ E7=1+( (EPSX (LAXX2)XQS(IX) )/ (CPXALXRCK(T(IZ»12)%%2))) &

\ EQ=LFX(QC(IXy17)4+QH(IZ»1%)) &

\ E?=LSXDRS(IX) &

N\ E10=1/CF &

N\ TCIXy2X)=E2-E3X(EA+ES+ES) /E7-E10X(EB+E?) /E7

450 oo e o e e e o e e e I &
! CALCULATE QC - ER.50 ! &
o e e e S e e b B e i e s o !

655 K1=0.0015 \ K2Z=0,0696 &

AN IF T(IZs1Z):273 &
THEN K1=0.00075 \ KR2=0.0052

660 IF IZ<>LEVZ &
THEN 645 &

ELSE IF QC(IX%s12%)>QC(IMZ»12Z) &
THEN QCC(INZs12)=2%QC(IXe1Z)~-QC(IMZy1Z) &
ELSE QC(INXZ»1%)=0.9%QC(IXs»1%)

665 E1=(QC(INZ»12)+QC(IMZs12)) /2 &
N\ FOR XZ=IMZ TO INZ &
\ IF E1<QC(XXs1%) &
THEN E1=QC(XX»17%)
666 NEXT XZ
667 E1=E1-W(IZy1X)¥(DT/DZ)K(QCCINZ»1X)~QC(IZy1%)) &

\ E2=0RW(IZs12)XQS(IX)XDT/ (RCXT(IXs»1%)) &
N\ E3=EPSXLAXJRQS(IZIXDT/(RCR(T(IXp12%)%X%2)) &
\ EA=(T(IXs2X)-T(I%912))/DTH(W(IZr12) /DZIK(TCINZy 1X)~T(IX%»1%)) &
N\ ES=MUCIZy1)XW(IZy1Z)KDTR(AS(IX)-QE(IZ)+QC(IX»1%)) &
\ E9=ROC(1Zs1%Z)/ROCI%y17%) &
\ E7=K2XDTX(EPXXO . S)XK(ROCIZy1X)XKE78)XQC(IX» 1X)XK(QH(IX» 12 XXE78) &
\ QC(IZs2%)=E1-E2-E3XE4-ES-E7 &
N\ ES8=K1¥kDTX(QC(IZs1%)~C(A/RO(IZy1%))) &
\ IF QC(IZy1%)>C(A/ROCIXy1%Z)) &
THEN QC(IZs2Z)=QC(I%y2%)~EB
6569 IF QC(IZ»2%)<0 &
THEN QC(IXy2%)=0




IX=LEVX &

‘N 710 2%

E 725

QHCIX»12)>QH(IMX,1%) &

N QHOINZy 1) =2%QH(IX%y 172) -QH(IMZ Y 1) &

JE QHCINX»1%) =0 . 9XQH(TIZy1%)
ROCIZ»1X)ROCIMXy1%Z) &

IN ROCINZy12Z)=2%ROC(IXy1X)-ROCIMXy1%) &

3E ROCINXZS 1X)=0.9%ROCIZs1%)

VIXy12)>VCIMXP1X) &

IN VCINZ»1Z)=2%V(I2%e1X)-V(IMZs1%) &

S5E V(INZ»1X)=0.9%XV(I%sy1%)

I=WCIZ»1ZI+V(IZ1%) &
S(AHCINZs LX) HQHCIMZ» 1220 /72 &
cE1-E10X(DT/DZ)X(AH(INZ»17Z)-QH(IX»1%)) &

=UCIZs 1X)K(LOGC(ROCINX »1%))-LOGC(ROC(IZ1%)))/DZ &
S(VCINX»1Z)~V(IZs1%))/DZ &
=MUCTIZ» 1Z)RW(IX s 1Z)XKQH(TI Xy 1%
=K1k (AC(IXy»1%)-(A/ROCIZs1%))
=ROCIZy1Z)/ROCIZY1IZ) & :
=K2X (E8¥X0,S)X(ROCIXy1Z)XXE78) X (QH(IXs 1X)%XXE78) & i
(IZs2%)=E14DTH(-QH(IX,1 %)X (E3+E4)-ES+E?) &
QC(IX%y 170 CA/RO(TIZP17)) &

EN QH(IZ2Z)=QH(IZ»2%)+(DTXES)

QH(IZ»2%)<0 &
EN QHC(IZ,27)=0

s

&
&

___________________________________________________________ 18
CALCULATE vV - E Q. 51 [N
__________________________________________________________ I
T T(IZy17%) =273 &
IEN K3=15,39 &
.SE K3=11.58
T AH(IZ2%X) =0 &
IEN V(IZ»2%)=0 &
SE VIZ»2%4)=K3X(QH(IZy2Z)%X%X0,125)%(~-130)
————————————————————————————————————————————————————————— [ 1
CALCULATE Ww-EQ, 33 U2
_________________________________________________________ i
" IX=LEVZ &
IEN IF WCIXZ21702W(IME»1%) &
THEN WCINZe1Z)=2XW(IXe 17)~-W(IMXLs1%) &
ELSE WC(INZy1Z)=W(IX%s1%)/241
EWCIZr 1)K CWCINZy17)~W(TI Xy 1) )XDT/DZ &
'=(140.61XQS(IZ)IRT(I%s1%Z) &
=(140.61%QECIZ)IKTEC(IX) &
I=QCCIZy172)4QH(TIZv17%) &
=MUCTIZ e 1Z)RKCWC(TZy 1) XX2)%XDT &
=(E2-E3)/E3 &
I292%)=CUWCINZy 17D+ WCIME» 1 %) ) /2-E1+DTRXGX(ES~-E4)-ES &
" WCIZe2%)20 &
IEN 820 &
SE LEVZ=IZ~-1%Z \ DEGXZ=1%
———————————————————————————————————————————————————————————— 1 &
CALCULATE R - EQ, 54 1 &
[}

B o P ik BV st st D Syl ST Wt GG SON St WOIR Fabt R b W S A fre Pt T U AS6 WO SO S el NS S SIS GO $SB UMD Mo S e SIS Gaie S MR M S OSSOV GRS e camm e M WU UV TR Shim eee Chem s e

" IX=LEVX %
IEN IF R(IXs1%Z)>RCIMX%s1%) &
THEN RCOINX»1X)=2XR(IZ91%)-R(IMXs1X%) 8




ELSE ROINZs»1%)=0.9%R(IX%y1%)
10 E1=W(IZs 12 XDTR(R(INZ1X)~-R(IZ»1%)) /D2 &
E2=ALFAXDTXW(IX»1%Z) &
E3=W(IZs12)XR(IZs1X)XDT/2 &
E4=(LOG(W(INZs12))-LOG(W(IZ»1X)))/DZ &
ES=(LOG(ROCINXy1Z))~-LOG(RO(IZ,»1%)))/0Z &
ROIZs2%)=(RCINZs1Z)+R(IMX» 1%) ) /2-E1+E2-EIX(EAHED)

)0 b e e e e g
! CALCULATE P - EQ. 46 I g
B e e !
5 El=-G/RC \ E2=0 &
FOR JZ=1% TO IX &
IF TCJ%»2%)450 &
THEN E2=E24DZ/T(J%»2%)
0 NEXT JZ
] E3=E1%E2 2
FOIZy2%)=FP (1Zy2Z)XEXF(E3)
)0 b o o e e e e e e e S i e e e — b g
! CALCULATE R O EQ. 45 ! &
e o e o e e e e e e e e e e e e e e e !
N ROCIZ272)=P(I%s2%) /(RCKT(IZy2%)) J
0 b o e g
! CALCULATE MU - ERQ.1 I &
| o o e ot e s S o it e o s et e st e e s e ]
3 MUCIZy2%)=2%ALFA/R(IXy2%) &
IF DEGZ=1%X &
THEN 2001 2
100 NEXT IXZ ! ENTD LEVELS LOOF !
01 B o o e i e e s s o s et s 31 e o st A Stk 0 B o 1 o e i o o o e e [
! PRINT RESULTS I &
o o e e o !
o2 FRINT * QUTFUT - STEF OF TIME "#TXZ#" TIME="3SUMTIM/} &
* LEVELS="iLEVXZ &
IF T%Z=1% OR TZ-(TZ/SX)I%SX=0Z &
THEN 2005 2
ELSE 2200 ]
05 FRINT &
FPRINT * OUTPUT ~ STEF OF TIME ®#TZi#" TIME="iSUMTIM? &
* LEVELS="3LEVZ &
PRINT °* L L T T L Tt e e e
[ p— "

00 FOR J%Z=1% TO 2% &
PRINT & 1
IF JZ=1% & :
THEN PRINT ST1$¢ &
ELSE PRINT ST2%
15 PRINT ST3% &
IF J%=2% &
THEN 2140
20 FOR LZ=1Z TO LEVZ &
PRINT USING STA$yLZsT(LZ»2X) sW(LZ»2X) s R(LXZ»2%)» &
PLZy22%) yQCILZ»2X) s QH(LZ Y 2%) & |

NEXT L% &
GO TO 2150
40 FOR L%=1%Z TO LEVZ & !
PRINT USING STA$,)LXZyRO(LZ2X) yMUCLXZ»2X) 2 V(LZ»2%)y & |

2NATIED




QS(LX)»yQSICLX) »DAS(LKL) &

\ NEXT LZ \ PRINT \ PRINT
2150 NEXT J%
2200 b e e e g
[ TRANSFER FROM COLUMN 2 TO COLUMN 1 g
B o e !
2210 IF LEVXZ=1% THEN 10000 ! STOF RUN !
2215 FOR JZ=1% TO LEVX &
\ TCIZr12)=T(I%92%) \  QC(IZs1XD=OC(I%»2%Z) \  QH(JZs1Z)=0H(JIZs2%) &
\ WCIZr 170 =W(JIZ2%)  \  ROJIXr1Z)=R(IZ»2%) N OP(JI%1Z)=F(J%e2%) &
\ MUCJXp 1Z)=MUCJZy 270\ ROCJZr1Z)=ROCIXr2%Z) \ V(JZy1%)=U(I%s2%) &
\ NEXT J%
3000 NEXT T% ! END TIME LOOF !

10000 END
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